All data and code files are available from the public repo <https://github.com/malfaro2/Mora_et_al>. Following the suggestion from one reviewer we tried to upload the repository contents in a zip file to the submission system, but it seems that the file size exceeds the limit (zip file is 86 MB). The GitHub repository is updated.

Introduction {#sec001}
============

The reflection, absorption or scattering of specific wavelengths of light by surface structures, the deposition of different chemical pigments in the outer body layers, or the interaction between various mechanisms such as pigments amplifying iridescence in butterflies \[[@pone.0218061.ref001]\], produce a remarkable variety of colors with complex and diverse patterns in insects. These color patterns play important roles in the biology of insects, for example as secondary sexual characters \[[@pone.0218061.ref002]\], in aposematism and mimicry \[[@pone.0218061.ref003], [@pone.0218061.ref004]\], and crypsis \[[@pone.0218061.ref005]\].

Compared with Lepidoptera and Coleoptera, there are relatively few studies of color patterns in the order Hymenoptera. Studies are mostly related to the yellow and black patterns in Vespidae \[[@pone.0218061.ref006], [@pone.0218061.ref007]\] and the variation in color patterns in *Bombus* Latreille \[[@pone.0218061.ref008]\]. In Hymenoptera there are also few studies regarding the chemical and physical nature of the color patterns exhibited, some of the pigments reported being pheomelanins (black, orange-red, yellow variations in velvet ants and bumble bees) \[[@pone.0218061.ref003]\], eumelanin (brown-colored cuticle) and xanthopterin (yellow-colored cuticle) in *Vespa orientalis* Linnaeus \[[@pone.0218061.ref009]\]. Various scelionid wasps \[[@pone.0218061.ref010]\], principally neotropical species ranging from 2 to 10 mm in length, show a recurring color pattern of black head, orange mesosoma, and black metasoma (BOB pattern; [Fig 1](#pone.0218061.g001){ref-type="fig"}), which has also been documented in species of numerous other families of Hymenoptera \[[@pone.0218061.ref011]\]. Several lines of evidence suggest that this color pattern has evolved many times independently within scelionids: the phylogenetically most basal scelionids \[[@pone.0218061.ref012]\] do not show this pattern; though quite common in the Neotropics only a minority of species show this pattern; species showing the BOB pattern occur in genera that are widely scattered in the phylogeny and not all species in these genera have this pattern \[[@pone.0218061.ref011]\]. This in turn strongly suggests that the BOB color pattern has some biological function but there are currently no studies addressing this question. Nor have the orange and black colors present in these wasps been analyzed, which is the primary objective of the present investigation.

![BOB pattern illustration.\
(A) Schematic detail of the area (dotted circles) used for measurements of both colors, zone of 1 mm^2^ black of mesoscutum (1) and third tergite of metasoma (2). (B) Focus-stacked macro photography of a scelionid wasp with blak-orange-black color pattern obtained with a Reflex 850 camera coupled to a 20x microscope lens. The photograph at the far right, shows the striking black-orange-black color pattern of a group of scelionid specimens recently collected from the field; it was obtained with a Canon SX10 IS camera and a 105 mm macro lens.](pone.0218061.g001){#pone.0218061.g001}

Color characterization of specimens, especially in taxonomy, has been done mostly subjectively, although more quantitative methods have been proposed \[[@pone.0218061.ref013]\]. There are few reports treating the measurement of color rigorously or analyzing spectral data and its variability as a functional measurement, which potentially can show differences detected by insects, and shed a light on their biology.

Among many studies that measure and compare colors in insects, the methods vary widely \[[@pone.0218061.ref007], [@pone.0218061.ref014], [@pone.0218061.ref015]\]. Endler et al. \[[@pone.0218061.ref016]\] took into account the continuous nature of the wavelengths as measures of color and used Principal Component Analysis (PCA) on the radiance spectra to analyze patterns of color, while recognizing its limitations, specifically, those related to the violation of assumptions for statistical tests to discriminate between colors. Functional Data Analysis (FDA) is a powerful method to study spectral data since it assumes that the underlying process generating the data is smooth, and hence provides tools to analyse a spectral measurement as a function and not as a series of data points \[[@pone.0218061.ref017]\]. For example, Rivas et al. \[[@pone.0218061.ref018]\] proposed the use of FDA techniques to test color changes in stone, and present a comparison with a multivariate method.

Materials and methods {#sec002}
=====================

All experimental protocols were carried out in accordance with the involved institution's guidelines and regulations, thus, a scientific-academic license was obtained by the Ministry of Environment and Energy in relation to the National System of Conservation Areas, document N° ACTo-050-18, for the sampling and collection of the material under study.

A statistical approach based upon reflectance measurements of the dorsal surface of eight scelionid genera and 1 genus from a distantly related family (Evaniidae) was used in order to study the BOB color pattern. The reflectance spectra were measured by means of a microspectrophotometer. A statistical description of the BOB color pattern was obtained by means of different statistical approaches, applied to the spectral information as a function of genus, color, spots of measurement and specimens. This approach was used due to the small size of these wasps and the difficulty involved in obtaining sufficient fresh material for chemical analysis of the pigments.

Microspectrophotometry {#sec003}
----------------------

The reflectance spectra of 8 genera belonging to the hymenopteran family Scelionidae were measured with a 508 PV UV-Visible-NIR Microscope Spectrophotometer (CRAIC, Los Angeles, USA). The spectrophotometer is coupled to an Eclipse LV100 ND Microscope using episcopic illumination (Nikon, Tokyo, Japan). A spot size area of 200*μ*m x 200*μ*m was measured. A spectralon standard was used as a white reference because of the diffuse reflection produced by the roughness of the surface of the cuticle. [Table 1](#pone.0218061.t001){ref-type="table"} includes further information regarding the measurement settings.

10.1371/journal.pone.0218061.t001

###### Information about the analysis of color data.

![](pone.0218061.t001){#pone.0218061.t001g}

  Microspectrophotometry technical details   Information
  ------------------------------------------ --------------------------------------------------------------------------------------
  Light source                               12 V-100 W halogen lamp
  Magnification                              5X, CFI60 2 TU Plan Fluor BD, N.A 0.15, WD 18.0 mm, (Nikon,Tokyo,Japan)
  White reference                            Spectralon Diffuse Reflectance Standard USRS-00-010(Labsphere, North Sutton,NH, USA)
  Dark reference                             Internal attenuators
  Software for spectral capture              Lambda Fire (CRAIC,Los Angeles,USA)
  Integration time                           150 ms
  Number of spectra averaged                 100

Specimens and sampling for optical measurements {#sec004}
-----------------------------------------------

Recently collected specimens are crucial to ensure the good condition of the external cuticle structures. Since Scelionidae are small in size and their hosts (insect eggs) are difficult to find, collecting specimens requires considerable effort.

Specimens of 8 genera were collected: *Acanthoscelio* Ashmead, *Baryconus* Foerster, *Chromoteleia* Ashmead, *Macroteleia* Westwood, *Opisthacantha* Ashmead (*Lapitha* Ashmead is currently considered to be a junior synonym \[[@pone.0218061.ref019]\]), *Scelio* Latreille, *Sceliomorpha* Ashmead, *Triteleia* Kieffer. They were collected with entomological nets over a period of 12 months. Additionally some specimens of the genus *Evaniella* Bradley (Evaniidae) were included, because they exhibit a similar BOB pattern, but are quite far removed from scelionids in the phylogeny of Hymenoptera \[[@pone.0218061.ref020]\].

The collection site was a patch within the protected zone of El Rodeo, which is located in the Colon district of the San José province, between the geographical coordinates 9° 52´--9° 56´ N and 84° 14´--84° 20´ W (Abra 3345 I and Río Grande 3345 IV cartographic sheets, National Geographic Institute 1989), at a distance of 18 km in a straight line from the capital city. The natural boundaries of the area are the Virilla River to the north, the Jaris river to the southeast and the Quebrada Honda river to the northeast. This natural reserve is composed of a secondary forest and a remnant of primary forest (approximately 200 ha). Specimens were identified by R.M. and P.H. using the keys to the scelionid genera \[[@pone.0218061.ref019]\] and voucher specimens were deposited in the Museum of Zoology of the University of Costa Rica. Due to the lack of taxonomic studies for six of the eight genera, species level identifications were not carried out. A previous study demonstrated that the vast majority hymenopterans with the BOB pattern, and those that are all black, do not show sexual dimorphism in color, at least in specimens that have been identified to species level in museum collections \[[@pone.0218061.ref011]\].

The specimens were killed by freezing and then, using a needle cut and polished on both ends, one square millimeter or a small notch of area was dissected in the mesoscutum (orange) and in the third tergite of the metasoma (black) ([Fig 1](#pone.0218061.g001){ref-type="fig"}). The orange and black samples of 4 specimens of each of the 8 genera were analyzed. For each specimen three samples were taken from the mesosoma (orange) and three from the metasoma (black).

Colorimetric differences {#sec005}
------------------------

Spectral reflectance curves can be studied in terms of colors using a geometrical representation or color space. The CIE color spaces are recognized to have important characteristics such as being device-independent and having a perceptual linearity \[[@pone.0218061.ref021]\]. Nevertheless, not all color spaces are suitable for comparing colors because distances between coordinates are not easily quantifiable due to the lack of uniformity of the space. For these effects, the CIE recommends using CIELAB color space due to its uniformity \[[@pone.0218061.ref022]\]. The corresponding coordinates are calculated using the procedure described in [S1 Appendix](#pone.0218061.s001){ref-type="supplementary-material"}.

The CIELAB color space is Euclidean, therefore distances between points can be used to represent approximately the perceived magnitude of color differences between object color stimuli of the same size and shape, viewed under similar conditions. The CIE 1976 L, a, b (CIELAB) color difference definition was adopted \[[@pone.0218061.ref022]\]: $$\begin{array}{r}
{\Delta E = \sqrt[{}]{\Delta L^{2} + \Delta a^{2} + \Delta b^{2}}} \\
\end{array}$$ Here, the quantities Δ*L*, Δ*a*, Δ*b*, represent the subtraction of the corresponding coordinates of the two colors being compared and Δ*E* represents the distance between the two colors within the CIELAB space. There are other CIE definitions for color differences, see for example the ones explained in reference \[[@pone.0218061.ref022]\]. Nevertheless, as discussed by Melgosa \[[@pone.0218061.ref023]\], the definition in [Eq 1](#pone.0218061.e001){ref-type="disp-formula"} yields results that are not very different from more recent and complex definitions. Since the purpose of this work is not to evaluate the color space metrics, but to consolidate a quantitative framework to compare colors using the information available from microspectrophotometry, the CIE 1976 definition ([Eq 1](#pone.0218061.e001){ref-type="disp-formula"}) was chosen for the sake of simplicity. Regarding the definition of a color difference threshold, it can be argued that CIE color spaces are based on human vision sensibility, and the color difference threshold will depend not only on the spectral region but also on the observer. Nevertheless, in order to establish a mean threshold value to define whether two colors are different, we used the value 2.3 as reported by \[[@pone.0218061.ref024]\] specifically for CIELAB. In this sense, when the color difference Δ*E* is less than this value, colors are considered as equal. Otherwise, colors are said to be different.

### RGB spectral components {#sec006}

When calculating Δ*E*, all the spectral information is condensed into a single number and it is not clear whether the difference comes from shorter or longer wavelengths. In this sense, the use of a spectral space instead of a color space would provide a more objective description of the physical variation among stimuli and also allows the identification of different physical mechanisms producing the same perception of color but having different spectral behavior \[[@pone.0218061.ref025]\]. Therefore, in order to visualize the characteristics of the the reflectance curves in different regions of the electromagnetic spectrum, we propose a trichromatic spectral space defined as follows using the CIE color matching functions (CMFs): $$\begin{array}{r}
{R\left( \lambda \right) = \frac{\overline{x}\left( \lambda \right)Z\left( \lambda \right)}{\int\overline{x}\left( \lambda \right)Z\left( \lambda \right)d\lambda},} \\
\end{array}$$ $$\begin{array}{r}
{G\left( \lambda \right) = \frac{\overline{y}\left( \lambda \right)Z\left( \lambda \right)}{\int\overline{y}\left( \lambda \right)Z\left( \lambda \right)d\lambda}} \\
\end{array}$$ and $$\begin{array}{r}
{B\left( \lambda \right) = \frac{\overline{z}\left( \lambda \right)Z\left( \lambda \right)}{\int\overline{z}\left( \lambda \right)Z\left( \lambda \right)d\lambda},} \\
\end{array}$$ where *Z*(λ) is the measured reflectance, $\overline{x}\left( \lambda \right)$, $\overline{y}\left( \lambda \right)$ and $\overline{z}\left( \lambda \right)$ are the CIE 1976 CMF's \[[@pone.0218061.ref022]\].

We label these components as Red, Green and Blue (RGB) because their maximum amplitudes occur at 600 nm, 555 nm and 446 nm respectively.

It is recognized that spectral spaces have the advantage of providing information about the different processes generating phenotypic color diversity \[[@pone.0218061.ref025]\], and therefore we propose this RGB spectral component method as an alternative for the case when a direct chemical characterization can not be performed.

Statistical analysis {#sec007}
--------------------

### Data sets {#sec008}

Each of the observations has 1185 recorded points: the reflectance (*Y*) as a function of wavelength value (λ), where λ is a sequence of 1185 equidistant points from 420.2 nm to 919.7 nm. The use of (λ) instead of the usual (*s*) in FDA, is done to match the representation of a wavelength in the physics literature. For the remainder of this paper, the 1185 points will be called reflectance curves, which were recorded in the following way: each curve was constructed with the reflectance of color in mesoscutum and metasoma spots per colored area, and was measured three times in each specimen, in different spots. The observations correspond to the reflectance measured in the orange mesoscutum areas versus the black metasoma areas for 36 specimens: 4 specimens for each of the 8 genera, and 4 specimens for *Evaniella*, which was observed as a control (the latter genus belongs to a different family, which is not closely related to scelionids). The response variable is either a difference of reflectance or a measure of reflectance, and it can be measured in three different levels:

-   The univariate mean measure: *m*~*ijk*~ where *m* is the mean difference between black and orange measures for all possible wavelengths in curve *ijk*, where *k* represents repetitions, *j* specimens, and *i* genera. This is is used as a naive base comparison.

-   The functional measure: *Y*~*ijk*~(λ) where the difference in reflectance between black and orange curves *Z*(λ) is represented by *Y*, and was measured for each wavelength λ, and repeated *k* times in each specimen *j*, and genera *i*. In this case, *Y*~*ijk*~(λ) describes a reflectance difference curve.

-   The multivariate distance measure: a Euclidean distance Δ*E* as defined in [1](#pone.0218061.e001){ref-type="disp-formula"} for each pair of curves being compared.

A table was created relating the different factors (spots, specimen, and genera) with the response in the univariate and functional case. In total, 96 combinations were recorded. In the multivariate distance case, a total of $N = C_{2}^{192} = 18336$ comparisons were used as observations, and then it was recorded whether or not each pair had a difference: genus, color, spot and specimen.

### Data analysis {#sec009}

Prior to the analysis, descriptive statistics were generated for each genus and color section (black and orange). The objective of the data analysis is to contrast the null hypothesis of no difference between color reflectance means of each combination of genus and color area, and for that, univariate and functional ANOVA were performed. The multivariate distance case was also analyzed to match the physics literature on color differences. The following methods were used in each case:

-   Univariate method: A one-way ANOVA was used to compare the mean difference between black and orange for all possible bandwidths *m*~*ijk*~ with genus as the factor and controlling for specimen and spot.

-   Functional method: A FANOVA \[[@pone.0218061.ref017]\] was used to compare the difference curves *Y*~*ijk*~(λ) with genus as the factor, and controlling for specimen and spot. The statistical F tests were included to interpret the contrast results for the mean difference curves. R packages `erpFtest` \[[@pone.0218061.ref026]\], and `fdANOVA` \[[@pone.0218061.ref027]\] were used.

-   Multivariate distance method: A two-way ANOVA was used to compare the Euclidean distance Δ*E* between each combination of color and genus, using dichotomous variables as factors: color as 0 if the pair is from the same color, 1 if it differs; genus as 0 if the pair is from the same genus and 1 if it differs. Here also, specimen and spot were included as factors in the linear equation.

The objective is to illustrate the functional method compared to a univariate analysis approach, and with a multivariate distance alternative, to compare the results when taking into account all the information from the difference curves. More specifically, for the univariate and functional responses, the ANOVA model can be written as the following: $$\begin{array}{r}
{Y_{ijk} = \mu + \alpha_{i} + \beta_{j} + \epsilon_{ijk},} \\
\end{array}$$ for *i* = 1, 2, ..., 8 genera, *j* = 1, 2, ..., 4 specimens, and *k* = 1, 2, 3 sampled spots in each colored area from each of the 4 specimens. Usual restrictions and assumptions for the ANOVA model apply: $$\begin{array}{r}
{\sum\limits_{i = 1}^{8}\alpha_{i} = 0,\sum\limits_{j = 1}^{4}\beta_{j} = 0,\epsilon_{ijk} \sim N\left( 0,\sigma^{2} \right).} \\
\end{array}$$

In the model, the global mean *μ* = 0 given that we are working with difference curves, and *α*~*i*~ is the genera effect of level *i*, and *β*~*j*~ is a block effect to explain the intra-genus variance. To account for the dependence between spots from the same specimens (in the two colored areas), a random effect *η*~*k*~ was tested, and different covariance structures for Σ~*η*~ were fitted (assuming dependence *η*~*k*~ ∼ *N*(0, Σ~*η*~) or independence between spots). Lastly, *ϵ*~*ijk*~ is the residual that accounts for the unexplained variation specific to the *k*th observation, *i*th genus and *j*th specimen. Depending on the response *Y*~*ijk*~, the residuals *ϵ*~*ijk*~ are a number (univariate) or a curve (functional). Assumptions were tested for all the model options.

For the multivariate distances, the ANOVA model differed in the factors: $$\begin{array}{r}
{\Delta E_{i} = \mu + \gamma_{i} + \eta_{i} + \omega_{i} + \rho_{i} + \gamma_{i}*\eta_{i} + \epsilon_{i},} \\
\end{array}$$ where the global mean *μ* represents the average change for the *N* comparisons, and then each of the factors add the change given that the pair has different genera (*γ*~*i*~), color (*η*~*i*~), spots (*ω*~*i*~) or specimens (*ρ*~*i*~) for each pair *i*. Finally, *ϵ*~*i*~ is the error modeled as white noise. Assumptions were tested for this model as well.

Statistical analysis was performed using the computing environment R \[[@pone.0218061.ref033]\]. The code and data to perform each of the tests mentioned in this paper are available for download in <https://github.com/malfaro2/Mora_et_al>. Data formatting and figures were prepared using the collection of R packages `Tidyverse` \[[@pone.0218061.ref028]\].

Results {#sec010}
=======

Reflectance curves in [Fig 2](#pone.0218061.g002){ref-type="fig"} show differences both when comparing curves measured for the same genus and curves representing the reflectance of different genera. At the same time, such differences present variability within the group of measurements performed. For both between and within genus cases, these reflectance differences are statistically compared to zero in both the univariate data and the functional data (FDA method) (p-value \< 0.00001 in all cases). The result is supported by the multivariate distance test, where there is evidence to say that overall change *μ* is greater than zero (p-value \< 0.00001). Details about the significant factors that explain that change are summarized in the following sections.

![Reflection functions.\
Functions *Z*(λ) in y axis, for each color within each genus. Black lines show the functional mean per case.](pone.0218061.g002){#pone.0218061.g002}

Overall differences {#sec011}
-------------------

[Fig 2](#pone.0218061.g002){ref-type="fig"} presents descriptive statistics for measured spectra for each genus and each of the spectral colors. There are some genera with more variability, and there is a tendency to have low reflectance at lower wavelengths for both black and orange spots. It is important to point out that the measurements were performed grouping genera and not species, a factor that may account for the variability for some genera such as *Chromoteleia*. Because the spot size of 200 *μ*m x 200 *μ*m used in the reflectance measurements is more than 20 times larger than the features that comprise the mesosoma, the effect of topography of the cuticle and homogeneity of the pigment distribution (see [S1 Fig](#pone.0218061.s004){ref-type="supplementary-material"}), can partly explain the data dispersion in some of the genera.

The difference curves for reflectance spectra, defined as *Y*~*ijk*~(λ), are plotted in [Fig 3](#pone.0218061.g003){ref-type="fig"}. The patterns from [Fig 2](#pone.0218061.g002){ref-type="fig"} appear more evident. For each genus, the behavior of the difference curves between black and orange can be described according to the wavelength in the following way. Curves above the black line mean that the black curves have higher reflectance values than the orange ones. Before 550 nm, differences are around zero, meaning that the reflectance values are similar between orange and black in this region. Between 550 nm and 750 nm, the differences are below zero and are similar between genera. And finally, for wavelengths greater than 750 nm differences are both above and below zero and are dispersed with respect to genus. This analysis cannot be done if only the univariate measures are studied, given the information reduction as presented in [S2 Fig](#pone.0218061.s005){ref-type="supplementary-material"}.

![Difference (black-orange) of mean reflectance functions in each genus.\
Solid lines represent functional means, colored areas represent the area where difference functions in each genus are observed. A black dashed line represents the null hypothesis of no difference between colors in each genus. Curves above the black line mean that the black curves have higher reflectance values than the orange ones.](pone.0218061.g003){#pone.0218061.g003}

In order to test the null hypothesis of *H*~0~: *α*~*i*~ = 0, whether or not the difference in reflectance between black and orange differs among genera, models were used to fit the data for each response. The best fit in all cases was from the models that assume independence between spots on the same specimen, so linear models were used subsequently. The univariate (p-value \< 0.0001) and functional (p-value \< 0.0001) results coincide in that in at least one genus examined, the mean reflectance of the orange spot is significantly different from the mean reflectance of the black spot, controlling for specimen and spot.

The statistical tests confirm what the descriptive plots showed. For each genus, the difference between black and orange is significantly different from zero for both the univariate and functional (FDA) case. Results from the functional ANOVA and a permutation test based on a Fourier basis function representation (`fdANOVA`), to test whether there is a mean difference between colors and genera, show that the calculated statistic is *T* = 18.66961 \[[@pone.0218061.ref026]\] with an associated p-value \<0.0001, which means that the mean difference between the black and orange spots in at least one genus is different from the mean difference between the black and orange spots in the other genera, as shown in [Fig 3](#pone.0218061.g003){ref-type="fig"}. The univariate differences between genera shown in [Table 2](#pone.0218061.t002){ref-type="table"} only take into account the aggregated data collected at all wavelengths considered. The results for univariate comparison between genera can be found in [S2 Appendix](#pone.0218061.s002){ref-type="supplementary-material"}.

10.1371/journal.pone.0218061.t002

###### Mean reflectance *m*~*i*~ for all possible bandwidths, by genus.

Genera are ordered according to the difference magnitude. \*\* The univariate difference is not significantly different from zero. ^*a*,*b*,*c*^ Represent a group different from the rest, when doing univariate multiple comparisons. All analyses use *α* = 0.05. Color representation corresponds to the CIE 1976 (L\* a\* b\*) color space coordinates calculated from the mean reflectance curves from [Fig 1](#pone.0218061.g001){ref-type="fig"}.

![](pone.0218061.t002){#pone.0218061.t002g}

  Genera            Black     Orange    Absolute Difference
  ----------------- --------- --------- ---------------------
  *Baryconus*       29.5307   33.692    4.1613\*\*^,*a*^
  *Opisthacantha*   29.5492   33.7317   4.1825\*\*^,*a*^
  *Scelio*          29.3678   33.8015   4.4337\*\*^,*a*^
  *Acanthoscelio*   29.2331   34.3834   5.1503^*a*^
  *Chromoteleia*    26.5133   33.3825   6.8692^*a*,*c*^
  *Triteleia*       24.0089   34.1785   10.1696^*b*,*c*^
  *Sceliomorpha*    30.683    41.7377   11.0547^*b*^
  *Macroteleia*     29.5722   41.3887   11.8165^*b*^
  *Evaniella*       21.2445   32.3144   11.0699^*b*^

Multivariate distance analysis {#sec012}
------------------------------

ANOVA results for the model of [Eq 7](#pone.0218061.e011){ref-type="disp-formula"} presented in [Table 3](#pone.0218061.t003){ref-type="table"}, show how the overall average change in all comparisons is 5.0535 units with a standard error of 0.2642, which makes the average statistically greater than the 2.3 threshold value. The estimate of *η* is 26.2081, which means that keeping all the other factors constant, the average Δ*E* (the distance between the two colors within the CIELAB space) is 26 units greater than the overall mean when the curves differ in color. Also, if the curves differ in both color and genus, the overall mean Δ*E* is 5.0535 + 4.3540 + 26.2081 + −4.3814 = 31.2342. The differences due to specimens are statistically not significant and the mean reflectance difference between measurements done in the same specimen but in different spots are on average 0.85, which makes it statistically significant but negligible on average, compared to the threshold.

10.1371/journal.pone.0218061.t003

###### ANOVA Results for model [7](#pone.0218061.e011){ref-type="disp-formula"}.

![](pone.0218061.t003){#pone.0218061.t003g}

            Estimate   Std. Error   t value   p-value
  --------- ---------- ------------ --------- ---------
  *μ*       5.0535     0.2642       19.12     0.0000
  *γ*       4.3540     0.2420       17.99     0.0000
  *η*       26.2081    0.3149       83.21     0.0000
  *ω*       0.8524     0.1268       6.72      0.0000
  *ρ*       -0.0425    0.1161       -0.37     0.7142
  *γ*:*η*   -4.3814    0.3358       -13.05    0.0000

Given that it has been established that there is evidence of a difference between colors and genera in all analyses, there is a need to clarify which genera and which colors are making the difference. For that, a comparison matrix for Δ*E* was constructed and presented in two ways: comparisons between genera per color difference and comparisons between colors per genus difference. Such results are presented in Figs [4](#pone.0218061.g004){ref-type="fig"} and [5](#pone.0218061.g005){ref-type="fig"} respectively. As an example, [Fig 4](#pone.0218061.g004){ref-type="fig"} depicts how the distance Δ*E* between *Triteleia* and *Acanthoscelio* curves presents two distributions: one when both have the same color (in vermilion) and another when they have different colors (in bluish green). Both distributions present relatively low variability, and the first distribution is closer to zero, although its box--- 50% of its data--- is not close to zero or the threshold. In contrast, the distance Δ*E* between *Acanthoscelio* curves for the same color and different specimens (in vermilion) clearly include the threshold and can be taken as not significantly different.

![Violin and box plot comparison per genus.\
Distributions of Δ*E* calculated for pairs of curves of eight different genera: *Acanthoscelio* (AC), *Baryconus* (BA), *Chromoteleia* (CR), *Macroteleia* (MA), *Opisthacantha* (OP), *Scelio* (SC), *Sceliomorpha* (SM) and *Triteleia* (TR) and two scenarios: when they have the same color (in vermilion) and when their colors differ (bluish green). The dashed vermilion line represents the threshold of 2.3.](pone.0218061.g004){#pone.0218061.g004}

![Violin and box plot comparison per color.\
Distributions of Δ*E* calculated for pairs of two different colors, black and orange, and two scenarios: when they are the same genus (in vermilion) and when the genus differs (bluish green). The dashed vermilion line represents the threshold of 2.3.](pone.0218061.g005){#pone.0218061.g005}

The difference between distributions is unclear when comparing colors. [Fig 5](#pone.0218061.g005){ref-type="fig"} presents how in the case in which the colors differ (upper right corner) both distributions for Δ*E* are both clearly different from zero, while the distributions for Δ*E* of the curves with the same color are more difficult to distinguish from zero, especially if they are from the same genus (in vermilion).

The differences between curves can be described as an average of all Δ*E*, for each genus and color. By that metric, both the maximum mean difference and the minimum mean difference can be established, as described in [Table 4](#pone.0218061.t004){ref-type="table"} for comparisons between curves of different colors and [Table 5](#pone.0218061.t005){ref-type="table"} for comparisons between curves of the same color, pointing to the top ten comparisons with wider differences. Similarly, top ten comparisons of different genera and the same genus are presented in [S1](#pone.0218061.s006){ref-type="supplementary-material"} and [S2](#pone.0218061.s007){ref-type="supplementary-material"} Tables.

10.1371/journal.pone.0218061.t004

###### Top 10 according to $\overline{\Delta E}$ for comparisons of curves of different color.

The top 10 was extracted from a sample with overall minimum mean equal to 2.96 and maximum mean to 45.08. *Baryconus* (BA), *Chromoteleia* (CR), *Macroteleia* (MA), *Opisthacantha* (OP) and *Sceliomorpha* (SM).

![](pone.0218061.t004){#pone.0218061.t004g}

       Genus 1   Genus 2   Color 1   Color 2   $\overline{\Delta E}$
  ---- --------- --------- --------- --------- -----------------------
  1    CR        MA        BL        OR        45.08
  2    MA        TR        OR        BL        44.79
  3    MA        SM        OR        BL        43.59
  4    OP        TR        OR        BL        41.51
  5    CR        SM        BL        OR        41.25
  6    SM        TR        OR        BL        41.22
  7    MA        SC        OR        BL        41.02
  8    CR        OP        BL        OR        40.84
  9    SM        SM        BL        OR        39.71
  10   BA        TR        OR        BL        39.69

10.1371/journal.pone.0218061.t005

###### Top 10 according to $\overline{\Delta E}$ for comparisons of curves of the same color.

The top 10 was extracted from a sample with overall minimum mean equal to 2.96 and maximum mean to 45.08. *Acanthoscelio* (AC), *Chromoteleia* (CR), *Macroteleia* (MA), *Opisthacantha* (OP) and *Sceliomorpha* (SM).

![](pone.0218061.t005){#pone.0218061.t005g}

       Genus 1   Genus 2   Color 1   Color 2   $\overline{\Delta E}$
  ---- --------- --------- --------- --------- -----------------------
  1    AC        MA        OR        OR        19.64
  2    MA        TR        OR        OR        18.26
  3    CR        MA        OR        OR        17.02
  4    AC        OP        OR        OR        16.95
  5    AC        SM        OR        OR        15.77
  6    AC        BA        OR        OR        14.35
  7    OP        TR        BL        BL        14.16
  8    SM        TR        OR        OR        13.69
  9    OP        MA        OR        OR        13.61
  10   CR        OP        BL        BL        13.32

RGB spectral components {#sec013}
-----------------------

The comparison of the color component curves red (*R*(λ)), green (*G*(λ)) and blue (*B*(λ)), was done in terms of distance: $$\left. Distance\mspace{180mu} = \mspace{180mu}{\sum\limits_{\lambda}\left| R_{c}(\lambda) \right.}\mspace{180mu} - \mspace{180mu} Rc\prime(\lambda) \right|$$ for each pair of comparisons (*c*, *c*′). The results in [Fig 6](#pone.0218061.g006){ref-type="fig"} show how the same differences depicted when using Δ*E* are very clear for the green and red components, but not for the blue component.

![Examples of violin and box plot comparison per genus and color component.\
Distributions of *Distance* for (A) green, (B) red and (C) blue components, calculated for pairs of curves of three different genera: *Acanthoscelio* (AC), *Baryconus* (BA) and *Triteleia* (TR), and two scenarios: when they have the same color (in vermilion) and when their colors differ (bluish green). Plot (D) is an example of how the R, G, and B curves look for *Acanthoscelio* (AC) and *Triteleia* (TR) in orange and black spots.](pone.0218061.g006){#pone.0218061.g006}

Panel (D) of [Fig 6](#pone.0218061.g006){ref-type="fig"} shows the color component contributions for the *Acanthoscelio* and *Triteleia* genera for the black and orange measurements, respectively. The spectra were normalised by their own areas to illustrate the similarity of the contributions that are reflected in all data taken and presented in Figs [4](#pone.0218061.g004){ref-type="fig"} and [6](#pone.0218061.g006){ref-type="fig"} in panels A, B and C. Apart from the small changes in intensity for the normalised spectra, the maxima of each curve have a different dominant wavelength between genera, but the shape of the curves was very similar. The main changes are the differences in area when not normalised.

Mapping color variants in a spectral space can yield information about the relationship between genotypic space and evolution \[[@pone.0218061.ref029]\]. In this context, in order to visualize the data provided by the spectral component analysis as a function of the genus, [Fig 7](#pone.0218061.g007){ref-type="fig"} is presented. It shows the scatter plots for the black and orange measurements for all data, representing the logarithm of the area of each color component versus the dominant wavelength at the maxima of each contribution. The mean is plotted as a solid circle of the same color for each set of faded data points.

![Scatter plot for color components per genus.\
Logarithm of the area under the curve, per component (red, green or blue) versus the corresponding wavelength in nm where the maximum occurs. Solid color points represent means for each genus and faded points correspond to independent observations. Plot (A) and (B) represent the components for the black and orange colors respectively.](pone.0218061.g007){#pone.0218061.g007}

The range of wavelength values at the maxima for each color component contribution is interesting, being around 5 nm for the blue contribution in both black and orange measurements. For the green (black measurement) and red (orange measurement) components it is about 5 nm, but for the red (black measurement) and green (orange measurement) it is approximately 20 nm.

The genus *Evaniella* appears to separate from the group in the black measurements, but it is not that obvious for the orange measurements. Meanwhile, *Sceliomorpha* and *Macroteleia* group together for the green and red orange observations. The genus *Chromoteleia* is outside the main group in all three color components for the black observations and in the blue component of the orange observations. *Chromoteleia* and *Baryconus* also pair in the green and red components of the black and orange observations. Additionally *Sceliomorpha* and *Acanthoscelio* present a mean that is very close in the black measurements for the blue, green and red contributions. The genera *Opisthacantha* and *Triteleia* group together in the blue and green components for the orange contribution.

Discussion {#sec014}
==========

The following discussion is focused mainly on the contribution of the different statistical approaches to the physical and biological interpretation of the data obtained following the procedures proposed, with the aim of establishing a quantitative analysis method for the study of cuticle color of insects. This section has two main parts: discussion about differences and suitability of the statistical methods and the interpretation of the physical results within a biological context.

Suitability of the statistical methods {#sec015}
--------------------------------------

Regarding the suitability of the statistical methods applied, the present study highlights the differences that could arise using univariate methods, which ignore physical information contained in the reflectance measurement as a function of wavelength, versus analyzing data using FDA techniques.

The difference in intrageneric variances, confirms that the analysis of reflectance differences should not be done using univariate statistics. This variability is due to the difference in measurements across wavelengths: some sections are equal to zero, others are statistically different from zero, as described in the previous section. This can yield misleading results, finding univariate groups statistically similar, when the functional results are describing something different. In contrast, FDA provides methods for analyzing data that are believed to arise from curves evaluated at a finite grid of points allowing the incorporation of spectral information from the reflectance curves \[[@pone.0218061.ref017]\].

In addition, a multivariate Euclidean distance defined in terms of a quantity with physical meaning such as Δ*E*, provides more evidence for analysis, besides confirming the FDA results. The details about multiple comparisons can be even more specific, if the color components are separated for each curve and the analysis is repeated.

The RGB component analysis showed that the nature of the differences found using the FDA and Δ*E* methods are related to the green and red color components, but no correlation was found for the blue component. This is consistent with results obtained qualitatively using the difference curves *Y*~*ijk*~(λ) shown in [Fig 3](#pone.0218061.g003){ref-type="fig"}. Moreover, ANOVA results for model [7](#pone.0218061.e011){ref-type="disp-formula"} ([Table 3](#pone.0218061.t003){ref-type="table"}) confirm the reproducibility of the experimental protocol and, for most of the cases studied, the results suggest that there is a low variability in the sample spectral measurements even though the taxonomic identification to just the genus level means that at least some of the genera could consist of more than one species.

The methodology described in this paper for statistically testing for color differences differs from those in the literature due to the level of scrutiny. It goes from the general question: "Is there a difference between colors?" to more specific contrasts between genera and color, using both the functional ANOVA and multivariate methods to compare color components. In this way, we are statistically comparing each pair of colors and genera, controlling for the other experimental factors.

Physical results within a biological context {#sec016}
--------------------------------------------

In general, the results of the spectral decomposition, together with the color differences as analyzed in [Fig 5](#pone.0218061.g005){ref-type="fig"}, suggest that the cuticle segments from different genera, but with the same color (black vs. black, orange vs. orange) might have a similar chemical composition or an identical chemical composition with different concentrations. Tonal variations could be related to different amounts of an individual pigment or a combination of similar polymers distributed in the cuticle.

Recent studies report that the color phenotype is associated with the concentration and ratio of pigment forms \[[@pone.0218061.ref003], [@pone.0218061.ref030]\], but other factors such as nanostrucutres of the integument can affect the expression of color \[[@pone.0218061.ref032]\]. In the case of pigments of different color (black vs. orange), the spectral blue components remain almost identical in terms of shape and characteristic wavelength (where the maximum occurs), suggesting that there is a common compound for the pigments. Notice that the normalization of the spectral components, Eqs ([2](#pone.0218061.e002){ref-type="disp-formula"}), ([3](#pone.0218061.e003){ref-type="disp-formula"}) and ([4](#pone.0218061.e004){ref-type="disp-formula"}) allows the use of these features for comparison instead of intensity, which is related to the quantity of red, green or blue present in each color. The information given by the spectral components is important because optical properties are related to energetic processes due to electronic transitions when the pigment molecules interact with electromagnetic radiation. The shorter the wavelength, the more energetic the process is and therefore differences can be interpreted in terms of differences of electronic structure, which is related to the chemical composition of the pigments. A chemical characterization using infrared spectroscopy was attempted directly on the cuticle and results showed subtle differences suggesting a similar nature of the functional group attached to the molecule. Such results are not shown here because they are not conclusive due to the fact that the exact chemical composition of the cuticle for each color is unknown. A definitive identification of the pigment requires chemical extraction which at the moment could not be done because of the small amount of cuticle available.

*Evaniella* belongs to a completely different family (Evaniidae) and might therefore be expected to differ markedly from all the other genera. This indeed appears to be the case for its black color, but not its orange color ([Fig 7](#pone.0218061.g007){ref-type="fig"}). Nonetheless, within Scelionidae there are more differences in the orange color than in the black ([Table 5](#pone.0218061.t005){ref-type="table"}). Comparing the results shown in [Fig 7](#pone.0218061.g007){ref-type="fig"} with a recent phylogenetic reconstruction of scelionid genera \[[@pone.0218061.ref012]\], a few other relationships between spectral properties and phylogeny appear to be present. For example, *Baryconus* and *Chromoteleia* are paired in the green and red components for both black and orange, and these two genera are hypothesized to be closely related. *Opisthacantha* and *Triteleia* group together in the blue and green components of the orange coloration, and these two genera are also closely related. On the other hand, the orange color of *Macroteleia* and *Sceliomorpha* group together for the green and red components ([Fig 7B](#pone.0218061.g007){ref-type="fig"}) despite these genera not being closely related. These results are intriguing and merit further investigation to determine whether certain spectral properties parallel the phylogeny.

In some other insects, contrasting black and orange color patterns are known to serve as aposematic (warning) coloration for potential predators \[[@pone.0218061.ref032]\] and it is possible that the same is true of the BOB pattern, although this has not yet been tested. However, the orange mesosoma becomes less common at higher elevations \[[@pone.0218061.ref011]\], suggesting that other factors such as thermoregulation (black absorbs more sunlight) might play a role at these elevations; it is also possible that predators or aposematic models vary with elevation.

There is obviously much more to be learned about the black and orange colors present in numerous parasitoid wasps, but it is hoped that the results of the present spectral analyses provide a framework for future research, especially when a direct chemical characterization of the pigments is not possible and the optical and statistical methods proposed in this work can be applied.

Conclusions {#sec017}
===========

The present study provides the first analysis of the common black-orange-black pattern that is found in small (2-10 mm) parasitoid wasps. Because of their small size and difficulty in obtaining sufficient numbers of fresh specimens for pigment extraction, microspectrophotometry was used to obtain reflectance spectra for eight genera of scelionids. These reflectance data were analyzed by means of univariate analyses and by Functional Data Analysis, the latter proving to be superior because it gave a better representation of the physical information, given that it takes into account complete curves and not just summaries.

The RGB spectral components method is proposed for studying the origin of the color in the cases when a direct chemical composition is not possible. In the case of the genera studied, the spectral blue components of the orange and black color were found to be almost identical, suggesting that there is a common compound for the pigments. This result holds even when different genera were considered for comparison. Also spectral measures can and should be used for quantifying differences in biological color patterns since such analysis provides information that is not tinted by the illuminant.

A correlation between the mean values of characteristics of the color components was used in an attempt to group genera that show similar values and some, but not all, of these groupings are similar to their positions in a previously published phylogeny of the genera.

Further study, including a chemical analysis of the pigments and classification of specimens into species should be performed in order to obtain validation of these results.

Supporting information {#sec018}
======================

###### Color coordinates calculation.

(PDF)

###### 

Click here for additional data file.

###### Univariate comparison for the inter-genera case.

(PDF)

###### 

Click here for additional data file.

###### Eosin hematoxylin technique.

(PDF)

###### 

Click here for additional data file.

###### Eosin hematoxylin technique.

Cross section of the cuticle shows the pigment concentrated in the epicuticle, of a specimen of *Baryconus* with black-orange-black color (a) and black color (b). The variation in the distribution of the pigment together with the roughness of the cuticle surface can contribute to the reflection of light in different directions and therefore to the dispersion of the data.

(PDF)

###### 

Click here for additional data file.

###### Box plots for univariate mean differences per genus.

Black dashed line represents the null hypothesis of no difference between colors per genus. *Acanthoscelio* (AC), *Baryconus* (BA), *Chromoteleia* (CR), *Macroteleia* (MA), *Opisthacantha* (OP), *Scelio* (SC), *Sceliomorpha* (SM), *Triteleia* (TR) and *Evaniella* (EV).

(PDF)

###### 

Click here for additional data file.

###### Top 10 $\overline{\Delta E}$ differences for comparisons of curves of different genera.

The top 10 was extracted from a sample with overall minimum mean equal to 2.96 and maximum mean to 45.08 *Acanthoscelio* (AC), *Baryconus* (BA), *Chromoteleia* (CR), *Macroteleia* (MA), *Opisthacantha* (OP) and *Sceliomorpha* (SM).

(PDF)

###### 

Click here for additional data file.

###### Top 10 $\overline{\Delta E}$ differences for comparisons of curves of the same genera.

The top 10 was extracted from a sample with overall minimum mean equal to 2.96 and maximum mean to 45.08. *Acanthoscelio* (AC), *Baryconus* (BA), *Chromoteleia* (CR), *Macroteleia* (MA), *Opisthacantha* (OP), *Scelio* (SC), *Sceliomorpha* (SM) and *Triteleia* (TR).

(PDF)

###### 

Click here for additional data file.
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Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The authors have addressed all of the major issues with their manuscript. In its current form, its utility to ecologists, evolutionary biologists, etc. will be limited by the technical and unclear language that the authors use. However that is not a fatal flaw.

Scelionidae are parasitoids, not parasites.

l 2, 455, etc. "(un)characterized" how? Some people might think that calling a color "orange" is a form of characterization.

l 5 says \"2 to 10 mm\" but l 40 & 456 say \"3 to 10 mm\", which is it?

l 12. \"both inter and intragenera\" -\> \"both between and within genera\"

l 35, 39, etc. Need taxonomic authorities for genera and species.

Fig. 1 caption. Make the 2 superscript in \"mm2\".

l 74-5. What about the evaniid?

l 83. \"Hymenopteran\" -\> \"hymenopteran\"

l 94. Need a space between \"Acanthoscelio\" and \"Ashmead\".

l 95. Need a space between \"Westwood,\" and \"Opisthacantha\".

l 110, 111, 230. Remove the spaces before the periods.

l 115. Remove \"by\".

It\'s odd that Fig. 2 is cited in the Methods, since this figure shows Results of this study.

l 153. Italicize the E in Delta-E.

l 160. Remove \"in this work, \".

l 167. Remove the second period.

l 178. \"referred as\" -\> \"called\"

l 179. What about the metasoma?

l 214. Many journals prefer a monospace font (\\\\texttt{} in LaTeX) for the names of software packages, such as erpFtest and fdANOVA.

l 225. Shouldn\'t \"species\" be \"genera\"?

l 229. Should there be a comma between \"i\" and \"and\"?

l 230. Remove \"In order\".

l 233. \"accounting\" -\> \"that accounts\"

l 242. Remove the parentheses ().

l 245. See my comment about l 214.

l 247. \"provide support for\" -\> \"support\"

l 247. State the meaning of \"reflectance difference variations between and within genera\".

l 258. \"in some cases\" -\> \"for some genera\"

l 260. \"that\" -\> \"than\"

l 263. Put a comma after the closed paren.

l 267-8. Explain to the reader what it means when \"differences are below zero\".

l 269. Add a comma after \"750nm\".

l 272. Remind the reader of what this hypothesis means.

l 280. \"are\" -\> \"is\"

l 282. Why isn\'t the \"Fourier basis function representation\" mentioned in the Methods?

l 285-6. Do the authors mean to say \"from the MEAN difference between the black and orange spots in the other genera\"?

l 311. Replace the hyphens with em dashes (\-\-- in LaTeX).

l 312. Remove \"and Acanthoscelio\".

l 321. "maximum and minimum mean" is somewhat tortured/tortuous language. I'd rephrase this.

l 368. I really like this opening to the Discussion. I'd suggest using subheadings for the two subsections.

l 370. Remove "in terms of results".

l 379. "Functional Data Analysis (FDA)" -\> "FDA" you already defined this acronym.

l 395. "This particular method" make it clear which method you're talking about, you mentioned various methods in the previous paragraph.

l 430-1. What do the authors mean by "the pigments are actually convergent" - did wasps in both families converge on use of the same pigment, or do they use two different pigments that produce colors with convergent reflectance properties?

l 563. Capitalize \"B\" in \"batesian\"

l 569, 592. Need a space before the open paren.

Reviewer \#2: There are some grammatical corrections in the attached pdf. I think that the speculation about convergent evolution is unfounded and should be removed entirely.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Click here for additional data file.
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Author response to Decision Letter 1

26 Sep 2019

Reviewer \#1 highlighted in red color in manuscript.

Scelionidae are parasitoids, not parasites. DONE

l 2, 455, etc. "(un)characterized" how? Some people might think that calling a color "orange" is a form of characterization. DONE (changed to "have not been analyzed", "analyzing", etc.)

l 5 says \"2 to 10 mm\" but l 40 & 456 say \"3 to 10 mm\", which is it? DONE

l 12. \"both inter and intragenera\" -\> \"both between and within genera\". DONE

l 35, 39, etc. Need taxonomic authorities for genera and species. DONE

Fig. 1 caption. Make the 2 superscripts in \"mm2\". DONE

l 74-5. What about the evaniid? DONE

l 83. \"Hymenopteran\" -\> \"hymenopteran\" DONE

l 94. Need a space between \"Acanthoscelio\" and \"Ashmead\". DONE

l 95. Need a space between \"Westwood,\" and \"Opisthacantha\". DONE

l 110, 111, 230. Remove the spaces before the periods. DONE

l 115. Remove \"by\". DONE

L 122 It\'s odd that Fig. 2 is cited in the Methods, since this figure shows the Results of this study. This line was replaced by "Spectral reflectance curves can be studied in terms of colors using a geometrical representation or color space." Figure 2 reference was moved to the line after the first paragraph of Results, where is mentioned for the first time. DONE

l 153. Italicize the E in Delta-E. DONE

l 160. Remove \"in this work, \". DONE

l 167. Remove the second period. DONE

l 178. \"referred as\" -\> \"called\" DONE

l 179. What about the metasoma? DONE

l 214. Many journals prefer a monospace font (\\\\texttt{} in LaTeX) for the names of software packages, such as erpFtest and fdANOVA. DONE

l 225. Shouldn\'t \"species\" be \"genera\"? DONE

l 229. Should there be a comma between \"i\" and \"and\"? DONE

l 230. Remove \"In order\". DONE

l 233. \"accounting\" -\> \"that accounts\" DONE

l 242. Remove the parentheses (). DONE

l 245. See my comment about l 214. DONE

l 247. \"provide support for\". This paragraph changed, see next comment. DONE

l 247. State the meaning of \"reflectance difference variations between and within genera\". This statement was replaced by "Reflectance curves in Fig\~\\\\ref{fig:F2} show differences both when comparing curves measured for the same genera and curves representing the reflectance of different genera. At the same time, such differences present variability within the group of measurements performed. For both between and within genera cases, this reflectance differences are statistically compared to zero in both the univariate data and the functional data (FDA method) (p-value \$\< 0.00001\$ in all cases)." DONE

l 258. \"in some cases\" -\> \"for some genera\" DONE

l 260. \"that\" -\> \"than\" DONE

l 263. Put a comma after the closed paren. DONE

l 267-8. Explain to the reader what it means when \"differences are below zero\". DONE

l 269. Add a comma after \"750nm\". DONE

l 272. Remind the reader of what this hypothesis means. DONE

l 280. \"are\" -\> \"is\" DONE

l 282. Why isn\'t the \"Fourier basis function representation\" mentioned in the Methods? It is the method performed by \\\\texttt{fdANOVA}, we added the clarification. DONE

l 285-6. Do the authors mean to say \"from the MEAN difference between the black and orange spots in the other genera\"? Correct, thank you for the correction. DONE

l 311. Replace the hyphens with em dashes (\-\-- in LaTeX). DONE

l 312. Remove \"and Acanthoscelio\". DONE

l 321. "maximum and minimum mean" is somewhat tortured/tortuous language. I'd rephrase this. DONE

l 368. I really like this opening to the Discussion. I'd suggest using subheadings for the two subsections. DONE

l 370. Remove "in terms of results". DONE

l 379. "Functional Data Analysis (FDA)" -\> "FDA" you already defined this acronym. DONE

l 395. "This particular method" make it clear which method you're talking about, you mentioned various methods in the previous paragraph.DONE

l 430-1. What do the authors mean by "the pigments are actually convergent" - did wasps in both families converge on use of the same pigment, or do they use two different pigments that produce colors with convergent reflectance properties? DONE. This sentence was eliminated as suggested by reviewer 2.

l 563. Capitalize \"B\" in \"batesian\" DONE

l 569, 592. Need a space before the open paren. DONE

Reviewer \#2:

I think that the speculation about convergent evolution is unfounded and should be removed entirely. DONE

There are some grammatical corrections in the attached pdf. DONE

Thank you very much for the comment we did a detailed and careful reading and found 8 grammatical errors that were corrected.
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Dear Dr. Mora-Castro,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.
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